Chin. Phys. B  Vol. 26, No. 6 (2017) 065203

Generation of high quality ion beams through the stable radiation
pressure acceleration of the near critical density target”

Xue-Ren Hong(#E2#42)!, Wei-Jun Zhou(F %), Bai-Song Xie(#i#1#4)%, Yang Yang(#FH)!,
Li Wang(E#))!, Jian-Min Tian(FH1 2 [X)!, Rong-An Tang(#2%)!, and Wen-Shan Duan(B 3 il1)!

1Key Laboratory of Atomic and Molecular Physics & Functional Materials of Gansu Province, College of Physics and Electronic Engineering,
Northwest Normal University, Lanzhou 730070, China

2CoIIege of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China

(Received 7 January 2017; revised manuscript received 9 March 2017; published online 20 April 2017)

In order to generate high quality ion beams through the stable radiation pressure acceleration (RPA) of the near critical
density (NCD) target, we propose a new type of target where an ultra-thin high density (HD) layer is attached to the front
surface of an NCD target, which has a preferable self-supporting property in the RPA experiments than the ultra-thin foil
target. It is found that in one-dimensional particle-in-cell (PIC) simulation, by the block of the HD layer in the new target,
there emerges the hole-boring process rather than propagation in the NCD layer when the intense laser pulse impinges on
this target. As a result, a typical RPA structure that the compressed electron layer overlaps the ion layer as a whole is
formed and a high quality ion beam is obtained, e.g., a circularly polarized laser pulse with normalized amplitude ag = 120
impinges on this new target and a 1.2 GeV monoenergetic ion beam is generated through the RPA of the NCD layer. Similar

results are also found in the two-dimensional PIC simulation.
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1. Introduction

High quality ion beams acceleration through the laser-
plasma interaction has been widely studied for the past few
decades because of its many significant applications, such
as low-cost tabletop accelerators,!!! hadron therapy of on-
cological diseases,?! and inertial confinement fusion.3>1 A
number of acceleration mechanisms have been proposed, for
instance, electrostatic shock acceleration,[®°! target normal

[10-121 magnetic vortex acceleration, [!3-16]

sheath acceleration,
and radiation pressure acceleration (RPA),[!7-33! etc. Among
all these mechanisms, the RPA that by using the circularly
polarized laser, in which the generation of the hot electron
is effectively suppressed and the steady radiation pressure

[17.22,33,36] s regarded as the highly promising

is dominated,
scheme due to the high energy conversion efficiency and the
production of the high-quality fast ions.[!”?334! In the RPA,
the acceleration process contains two stages, the hole-boring
(HB) stage and the light-sail (LS) stage. In the HB stage, the
light pressure of the laser pulse compresses and deforms the
front surface of the target, which allows the laser pulse to pen-
etrate deeply into the target.[?>33] In the LS stage, the com-
pressed electron layer overlaps the ion layer and they form a
quasi-electric-neutral plasma mirror, which detaches from the
target and is boosted as a whole by the light pressure of the
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laser pulse. 3133

In the RPA experiment, the ultra-thin foil target is con-

1331 which can block

ventionally used due to their high density,
the intense laser pulse and generate a strong charge separa-
tion field. Therefore, the ions in the target could have enough
time to respond to the field and catch up with the fast moving
electron layer. Eventually, the RPA structure that the elec-
tron layer overlaps the ion layer as a whole can be formed
and the ions in this structure are able to be accelerated to a
high energy in the LS stage.[?*! However, the thickness range
of the ultra-thin target is usually from tens of nanometres to

1311 which leads to a terrible self-supporting prop-

micrometre,
erty in reality. Hence, such a vulnerable target should increase
the difficulty of the experiment operation. An ideal solution is
to reduce the density and increase the thickness of the target.
Therefore, the near-critical density (NCD) target, whose den-
sity is usually from 0.1n, to 10n, is a feasible substitution to
the ultra-thin foil target, where n. = me ? / 47e? is the critical
density, m. and —e are the electron rest mass and charge, and
o is the frequency of the laser, respectively.

Recently, the NCD target has drawn wide interests and a
series of investigations about the interactions of the laser pulse
with the NCD target have been presented. 16301 For exam-
ple: making the NCD layer as a laser shaping instrument to ob-
tain a steep-front laser pulse,?® realizing the electron acceler-
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ation by using two consecutive laser pulses interacting with an
NCD target'3”! or through the direct laser acceleration!¥! and
the relativistic resonant phase locking®*! in the NCD region,
and generating the high-quality ion beams by the laser wake
field acceleration!*”) or the magnetic vortex acceleration!!¢]
in the NCD region. However, there is little detailed research
about the RPA of the NCD target until now. In this paper, we
investigate the monoenergetic ion beam acceleration through
the RPA of the NCD target by proposing a new type of target
that a high density (HD) layer is attached to the front surface
of the NCD target.

The organization of this paper is as follows. In Sec-
tion 2, we investigate the difficulty of realizing the RPA of
the NCD target through an intense laser pulse that radiates on
an NCD target directly. Therefore, we propose a new target
structure scheme that an ultra-thin HD layer is attached to the
front surface of the NCD layer and hope to realize the RPA
of the NCD layer. In Section 3, one-dimensional (1D) and
two-dimensional (2D) particle-in-cell (PIC) simulations by us-
ing the relativistic electromagnetic PIC code VORPAL!*! are
proposed to verify this new scheme. In Section 4, the conclu-
sion about this new scheme and the potential applications are
presented.

2. Model

In the RPA, the energy of the accelerated ions in different
RPA stages is related to the intensity of the laser pulse with
different scales. In the HB stage, the ion energy is/*®!

& = mjc

ey

In the LS stage, the ion energy is!

1

where & = I/min;ic* is the dimensionless laser pistoning pa-
rameter, / is the intensity of the laser, m; and n; are the mass
and density of the ion respectively, c is the vacuum light speed,
y=(1—1?/c?)~1/2 is the Lorentz factor of the plasma mirror,
v is the speed of the plasma mirror in the laboratory reference
frame, &7 o< IL is the energy of the laser pulse, and L is the
pulse length. From Egs. (1) and (2), it can be found that, in or-
der to generate the higher energy ion beams through the RPA,
the most direct way is to increase the intensity of the laser
pulse. However, in the high laser intensity region, it is hard to
realize the RPA of the NCD target directly due to the following
two reasons. Firstly, in the high laser intensity region, there is

a relativistic correction of the critical density as follows:[+?!

—— 3)

1/2

where ¥ = (1 +ag?)'/? is the relativistic factor, and the laser

normalized amplitude ag = eEy/me.@c, Ej is the amplitude of

the laser electric field. It can be found from Eq. (3) that, when
an ultra-intense laser with the wavelength A = 1 um and the
normalized laser amplitude ap = 120 radiates on an NCD tar-
get, of which the initial electron density n. = 2n, the relativis-
tic critical density nl, ~ 120n.. In consequence, the laser pulse
will propagate in the NCD target without restriction. Secondly,
the ion response time is!*3]

[ m
T=4—55— 4
! AnZeln;’ @)

where Z is the effective nuclear charge number of the ion.
From Eq. (4), it can be found that, due to the lower ion density
of the NCD target, the ion response time of the NCD target
is much longer than that of the ultra-thin solid target. As a
result, when an intense laser pulse impinges on an NCD tar-
get directly, the electrons are pushed forward so quickly while
the ions have almost not responded to the field yet. Eventu-
ally, extremely strong light pressure acts on the compressed
electron layer and expels them from the target. With the com-
bined effects of the inner Coulomb repulsion with the acceler-
ation field, the energy spread of the accelerated ions become
broad and the majority of the ions are still in the low energy
region, which is also proved from the following simulations
in Section 3. Therefore, it is hard to generate a high quality
ion beam through an intense laser pulse impinging on a NCD
target directly.

For realizing the RPA of the NCD target, a new type of
target is proposed and the schematic of the new target is shown
in Fig. 1. By attaching an ultra-thin HD layer in the front
of the NCD layer, the relativistic self-induced transparency of
the NCD layer would be settled. This HD layer can lead to a
dense surface density, which can effectively reduce the laser
penetrating velocity in the NCD layer. Besides, the separa-
tion of charged particles in the HD layer can generate enough
high charge separation field at the beginning of the interaction,
which gives rise to a sufficiently strong acceleration field for
the ions in the NCD layer. In consequence, when the intense
laser pulse enters the NCD layer, the ions in the NCD layer
may catch up with the fast-moving electron layer in such a
strong accelerating field. Therefore, there should emerge the
HB process rather than the propagation in the NCD layer. Af-
ter the HB stage, the typical RPA structure would be formed
and a high quality ion beam could be generated through the
RPA of the NCD layer.

laser pulse
—

near critical density (NCD)
laser

high density (HD)
layer

Fig. 1. (color online) Schematic diagram for the RPA of the HD-NCD target.
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Since the proton has the highest charge-to-mass ratio
among all ions, which means the highest acceleration effi-
ciency in the RPA,[*! we choose the pure hydrogen as the
target material of the NCD layer. In addition, two other diffi-
culties of the RPA are the loss of the electrons and the devel-
opment of instability in the acceleration, which would lead to
the transparency of the electron layer and broaden the energy
spread of the accelerated ions.3?! In order to realize a more ef-
ficient stable RPA of the proton, a lower charge-to-mass ratio
target material should be used in the HD layer, which works
as a “buffer” of instability!**] and also can supply the abun-
dant electrons to the front electron layer to maintain the quasi-
electric-neutral RPA structure, which is known as the leaky
light-sail regime.3!! The difference is, in previous researches
about the mixed multi-species foil target,3*3?! there is a time
lag for the initial mixed ions layer evolved into the layered
ions layers, i.e., light ion layer in the front and heavy ion layer
in the back, in the acceleration process. Therefore, it would
take a while for the heavy ions to come into play. However, in
our scheme, we have set that the heavy and light ions are sep-
arated initially, and placed in the HD layer and the NCD layer
respectively. There are two reasons for this specific structure
of the new target. On the one hand, there is no time lag for the
separation of the heavy and light ion layers due to our target
structure, and the stable RPA ion structure, layered ions layers,
could be formed earlier than the common mixed multi-species
foil target. On the other hand, the Coulomb repulsion from the
heavy ions to the light ions, which has a contribution to the
acceleration of the light ions, >332 would start to work while
the laser penetrates the HD layer. The light ions under the ul-
tra strong accelerating field can be accelerated very efficiently
at the beginning of the interaction, just like being shot by a
“slingshot”. Therefore, we use the carbon ion in the HD layer.
By this new scheme, it is expected that the stable RPA of the
NCD layer can be realized and a high energy proton beam with

low energy spread can be generated.

3. Simulation and results
3.1. One-dimensional case

In this part, the 1D PIC simulations are performed to ver-
ify our new scheme. For the new scheme (HD-NCD target),
the length of the simulation box is 111 pwm, and the grid res-
olution is 0.01 um. A circularly polarized laser pulse with
a Gaussian envelope a = apexp [ — (1/2)(t —19)?/T] in the
longitudinal (x) normally radiates on the target from the left.
The normalized laser amplitude ap = eEy/mewc = 120, corre-
sponding to the laser intensity / = 3.95 x 1022 W/cm? with the
laser wavelength A = 1 wm. The laser period Ty, = 3.3 fs,
and t9p = Ty = 107L. The HD layer which consists of the

fully ionized carbon ions and electrons is located in the re-
gion 20.0 pm < x < 20.1 um with the initial electron den-
sity ne; = 360n.. Here, the normalized amplitude of the laser
pulse, the thickness and the initial electron density of the HD

layer satisfy the optimum target thickness relation?*!

lopt 1 ne a
— ~ ——aqy
A T Ne1 ’

&)

where [y is the optimum target thickness. At ¢ = 0, the front
edge of the laser pulse reaches the front surface of the HD
layer. The NCD layer which consists of the protons and elec-
trons is located in the region 20.1 pm < x < 24.0 um, and
the initial electron density ne, = 2n.. On the other hand, we
also performed a comparative simulation (NCD target). In the
comparative simulation, there is no HD layer in the target, i.e.,
a single NCD layer is located in the region 20.1 um < x <
24.0 um, and the other parameters are the same as those of the
HD-NCD target.

Firstly, figure 2 shows the snapshots of the spatial density
distributions of the electron and the proton and the longitudi-
nal electric field at t = 117, t =411, t = 911, and t = 26711,
respectively. Figures 2(al)-2(a4) represent the results of the
NCD target, and figures 2(b1)-2(b4) represent the results of
the HD-NCD target. For the NCD target, at the beginning
of the interaction, as seen in Fig. 2(al), the electron layer is
pushed forward so quickly by the light pressure of the intense
laser pulse, and the protons in a weak charge separation field
cannot catch this fast moving electron layer and remain at rest.
Until the laser pulse penetrates through the NCD target, as
shown in Fig. 2(a2), the electron layer is expelled from the tar-
get and the protons are nearly still in their initial positions.
After that, the protons are continually dispersed due to the
Coulomb explosion[zs] and the forward acceleration field, as
seen in Figs. 2(a3) and 2(a4). Therefore, it is unable to form
an RPA structure in the NCD target. However, in the HD-NCD
target, as seen in Fig. 2(b1), by the block of the attached ultra-
thin HD layer, the laser penetrating velocity is effectively re-
duced and the laser pulse is just boring the HD layeratr = 171 .
Meanwhile, a strong charge separation field is generated by the
charged particles’ separation of the HD layer. It can be seen
that in Fig. 2(b2), a clear density peak of the proton emerges
behind the electron layer. As the process of the HB, the pro-
tons are gradually caught in the RPA field and catch up with
the electron layer. Finally, at the end of the HB stage, the pro-
ton layer is tied together with the compressed electron layer by
the charge separation field, as presented in Fig. 2(b3). In the
LS stage, as shown in Fig. 2(b4), the electron layer overlaps
the proton layer as a whole, and forms a quasi-electric-neutral
plasma mirror, which is boosted by the laser pulse and gets

further acceleration.
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Fig. 2. (color online) The normalized density distributions of the electron and the proton in the 1D simulations. The left column is the result of the NCD
target and the right column is of the HD-NCD target. Here, the green solid line denotes the electron density ne; of the HD layer, the blue solid line represents
the electron density ne; of the NCD layer, and the red dashed line shows the proton density n, of the NCD layer, respectively. In addition, the normalized
longitudinal electric field E is also shown by the black dashed dotted line. Panels (al) and (b1) are the results at = 171, panels (a2) and (b2) are at t = 471,
panels (a3) and (b3) are att = 971, panels (a4) and (b4) are at t = 267y..

Secondly, the evolution of the phase space distributions
of the proton is shown in Fig. 3. Figures 3(al)-3(a4) represent
the results of the NCD target, and figures 3(b1)-3(b4) are those
of the HD-NCD target. The four rows of Fig. 3 correspond to
the snapshots at t = 171, t = 471, t = 971, and t = 2671, re-

spectively. In the NCD target, as shown in Fig. 3(al), the p,
distribution of protons is still in the initial static state, which
also proves that the protons remain at rest at the beginning of
the interaction. Even when the laser penetrates through the

NCD layer, as seen in Fig. 3(a2), the charge separation field
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just causes a tiny fluctuation on the proton’s p, distribution.  tial electron density. Then, it can be found that in Fig. 3(b2),

After the laser penetrates through the NCD layer, as seen in  the protons in the front of the NCD layer are rapidly acceler-

Fig. 3(a3), there occurs a broad phase space distribution of the 5104 due to the low penetrating velocity and the strong charge

proton. With the process of the acceleration, it can be seen that . ..
i R separation field, and there gradually emerges a twisting pat-

from Fig. 3(a4), the phase space distribution becomes broader . .
. . tern. Then, most protons are caught in the acceleration field
and a long tail emerges in the pattern. However, for the HD- ] o
NCD target, an effective RPA process is presented in the right and a typical cocoon pattern of the RPA appears in Fig. 3(b3).

column of Fig. 3. At the beginning of the interaction, as seen Finally, the p, distribution of the protons tend to be consistent,

in Fig. 3(b1), the protons of the NCD layer are also at rest since ~ and there emerges a platform-like stable phase acceleration re-

the laser pulse is just boring the HD layer due to the dense ini-  gion, as shown in Fig. 3(b4).
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Fig. 3. (color online) The phase space distributions of the proton in the 1D simulations. The left column is the result of the NCD target and the right is of
the HD-NCD target. Panels (al) and (b1) are the results at # = 17}, panels (a2) and (b2) are at r = 47}, panels (a3) and (b3) are at = 97}, panels (a4) and
(b4) are at t = 267j..
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It should be noticed that, in previous researches about the
RPA, 1920221 j1y which the ultra-thin solid target is used, the
accelerating field in the HB stage is generated by the charge
separation of the ultra-thin solid target itself. When the in-
tense laser pulse enters the foil target, the strong ponderomo-
tive force pushes the electron forward and leaves the electron
depletion layer behind. In the electron depletion layer, the pro-
tons under the linearly increased electrostatic field are acceler-
ated and form the higher velocity flat-top in the phase space
distribution. In the compressed electron layer, the protons
under the linearly decreased electrostatic field are rapidly re-
flected to double electrostatic field velocity and form the lower
velocity flat-top in the phase space distribution. Therefore, at
the end of the HB stage, there appears the double flat-top struc-
ture in the phase space distribution of the proton.??! However,
in our scheme, the ultra high accelerating field in the HB stage
is mainly generated by the charge separation in the HD layer of
the target. When this strong electrostatic field along with the
laser pulse enter the NCD layer, the proton in the NCD layer
would be directly reflected by this fast moving electrostatic
field and involved in the linearly decreased accelerating field,
which leads to the single lower velocity flat-top in the phase
space distribution of the proton. Therefore, in our scheme, the
double-flat-top structure did not show up in the phase space
distribution of the proton, as seen in Figs.3(b1)-3(b3). Since,
the proton could be efficiently accelerated just in the linearly
decreased accelerating field, the monoenergetic property of the

accelerated proton beam can be effectively improved.

0.25
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Energy/GeV

Fig. 4. (color online) The energy spectra of the proton in the 1D simulations.
The dashed line is the result of the NCD target, and solid lines are the results
of the HD-NCD target.

Finally, the energy spectra of the proton in the 1D sim-
ulations are presented in Fig. 4. For the NCD target, there is
no energy peak in the energy spectrum. The majority of the
protons are still in the low energy region, and the energy spec-

trum presents an exponential damping distribution. But for

the HD-NCD target, there is an obvious single energy peak at
E = 1.2 GeV through an effective RPA process, and the en-
ergy spread is only about 5%. In three specific moments, the
energy spectra are nearly invariant, which means a more stable
RPA of the proton is realized in the HD-NCD target.

3.2. Two-dimensional case

In the 1D PIC simulations, we have confirmed that a high
quality proton beam can be generated through the stable RPA
of the NCD target by the new scheme. In this part, the two-
dimensional PIC simulations are performed to prove this new
scheme. For the new scheme (HD-NCD target), the size of
simulation box is 111 pm x 32 pm, which is composed of
11100 x 3200 cells along the x and y directions. The normal-

ized amplitude of circularly polarized laser pulse

a=agexp [~ (1/2)("°/r")] exp [~ (1/2)((t —10)*/T5})]

with the waist radius rp = 8 pm. The transverse length of
the target is 32 wm, which is corresponding to the region
—16.0 um <y < 16.0 um. The other simulation parameters
are the same as those of the one-dimensional case. We also
performed a comparative simulation (NCD target), and there
is also no HD layer in the target, i.e., a single NCD target is
located in the region 20.1 pm < x < 24.0 pm. The other sim-
ulation parameters are also the same as those of the HD-NCD
target.

In the 2D case, figure 5 shows the snapshots of the spa-
tial density distributions of the electron and the proton at
t=1T., t =4T., t =91y, and t = 261y, respectively. Fig-
ures 5(al)-5(a4) represent the results of the NCD target, and
figures 5(b1)-5(a4) represent the results of the HD-NCD tar-
get. By comparing Fig. 5 with Fig. 2, it is found that the ac-
celeration characteristics are similar to those of the 1D simula-
tions. In the NCD target, the electron layer is quickly pushed
by the intense laser pulse without restriction, while the protons
remain at rest, as shown in Figs. 5(al) and 5(a2). After that,
when the electron layer is completely ejected out of the target,
the protons start to disperse by the inner repulsive force and
the forward acceleration field, as seen in Figs. 5(a3) and 5(a4).

However, for the HD-NCD target, the intense laser pulse
is effectively blocked by the HD layer and the penetrating
velocity slows down sufficiently. Therefore, the protons can
catch up with the electron layer, and a clear proton layer can be
noticed distinctly, as shown from Figs. 5(b1)-5(b3). Finally,
a typical radiation pressure acceleration structure emerges in
Fig. 5(b4).
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Fig. 5. (color online) The normalized density distributions of the electron and the proton in the 2D simulations. The left column is the result of the NCD
target and the right column is of the HD-NCD target. Here, ne; represents the electron density of the HD layer, ne; and nj, denote the densities of the electron
and the proton of the NCD layer, respectively. Panels (al) and (bl) are the results at # = 171, panels (a2) and (b2) are at t = 47}, panels (a3) and (b3) are at
t =971, panels (a4) and (b4) are at r = 267j..

The evolution of the phase space distributions of the proton is presented in Fig. 6. By comparing Fig. 6 with Fig. 3, the phase
space distributions of the proton in the 2D simulations agree well with those of the 1D case, except the pattern of Fig. 6(b4). Due
to the high dimensional effects, some protons fall behind the major RPA structure and there appears an obvious long tail in the
pattern. Those detached protons are separated from the main zone of the RPA field and gradually dumped in the acceleration, as
shown in Figs. 6(b3) and 6(b4). Therefore, the main RPA structure and the detached proton part are gradually separated in the

phase space distribution. Even so, the statistics suggests that about 70% protons are still accelerated to high energy region by the
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Fig. 6. (color online) The phase space distributions of the proton in the 2D simulations. The left column is the result of the NCD target and the right column
is of the HD-NCD target. Here, we choose those protons that locate in the region —0.02 pum <y < 0.02 pm as the object of statistics. Panels (al) and (bl)
are the results at = 177, panels (a2) and (b2) are at t = 47}, panels (a3) and (b3) are at t = 971, panels (a4) and (b4) are at r = 267T}..

The energy spectra and energy angular distributions of the proton in the 2D simulations are presented in Fig. 7. The left
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column represents the NCD target, and the right column is of the HD-NCD target. For the NCD target, since it is unable to form

an effective RPA structure in the acceleration, the protons are accelerated ineffectively and the energy spread of protons is nearly

100%, as seen in Fig. 7(al). The energy distribution of protons presents an exponential damping spread and the majority of

protons are in the low energy region, just like the 1D case. Furthermore, as shown in Fig. 7(a2), the proton that locates in the low

energy region has a terrible angular distribution, which is from —20° to 20°. But for the HD-NCD target, as shown in Fig. 7(b1),

the RPA of the NCD layer is realized and there appears an obvious energy peak at E = 1.4 GeV. Besides, as seen in Fig. 7(b2),

most protons concentrate in the angle region between —5° to 5°, which shows a favorable collimation of the accelerated protons.

0.4
- (al)
?v 0.3
9
g
=
o 02
A
=
=
<
= 01
=
0
0 0.5 1.0
Energy/eV
log(N)
10
(a2)
8
> 6
[
O
<
&y 4
2
S 0
20

Angle/ (%)

0.20
(b1)

0157

0.10

0.05

(dN/dE)/10"% pm-GeV

0 0.5 1.0 1.5 2.0
Energy/eV
log(N)

20}

15 ¢

1.0}

E/GeV

057

—20 —10 0 10 20
Angle/(°)

Fig. 7. (color online) The energy spectra and energy angle distributions of the proton in the 2D simulations. The left column is the result of the NCD target
and the right column is of the HD-NCD target. Here, we choose those protons which locate in the region —4 pm <y <4 um as the objects of statistics. For
the new scheme, we just take the main RPA part into account. These results correspond to 1 = 5577, at the end of the acceleration.

4. Conclusion

In conclusion, for the sake of generating high quality ion
beams through the stable RPA of the NCD target, we put for-
ward a new type of target that an ultrathin HD layer is attached
to the front surface of an NCD target. In the 1D PIC simula-
tions, it is found that, when an intense laser pulse impinges
on an NCD layer directly, the laser will propagate in the NCD
layer due to the relativistic self-induced transparency. There-
fore, the typical RPA structure cannot be formed and the pro-
tons are unable to be accelerated effectively. However, in the
new scheme, by the block of the HD layer, the laser penetrat-
ing velocity is reduced effectively, and the proton can catch
up with the fast-moving electron layer by the strong charge

separation field. There emerges the HB process rather than

the propagation in the NCD layer. As a result, a typical RPA
structure that the compressed electron layer overlaps the pro-
ton layer as a whole can be formed. Eventually, the protons
can be effectively accelerated to high energy in this RPA struc-
ture. By the use of carbon ions in the ultra-thin HD layer,
a more efficient stable RPA is realized and a monoenergetic
proton beam is obtained finally. Through this new scheme,
a 1.2-GeV proton beam with an energy spread of only 5% is
generated by using a circularly polarized laser pulse with the
normalized laser amplitude a = 120. In the 2D PIC simula-
tions, the accelerating characteristics of the proton are similar
to those of the 1D simulations. Therefore, this new scheme is
also applicative in a high dimensional situation. By varying

the amplitude of the laser pulse, the thickness and the initial
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electron density of the HD layer, it yields essentially similar
results, which shows that our new scheme is robust. However,
it should be noticed that, some other simulation parameters,
including the parameters of the NCD layer, are not taken into
account. The detailed simulation results on these parameter
effects will be shown in our following paper. Compared with
the traditional ultra-thin foil target, the most important mean-
ing of the new scheme is that the thickness of the target in
the new scheme is relatively larger, which means a preferable
self-supporting property in reality. Therefore, this new type
of target is an ideal substitution to the ultra-thin foil target in
practical RPA experiments. Through this new scheme, a high
quality ion beam can be obtained through the stable RPA of
the NCD layer, which has many significant applications, i.e.,
tabletop accelerator, tumor therapy and inertial confinement

fusion.
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